Abstract-In this work, magnetic metallic cobalt nanoparticles with an average particle size of 28 nm were processed as a dry powder with surface coating material and other organic additives to form a screen-printable ink to be cured at 110 • C. EFTEM and TGA-DSC-MS-analyses were used to measure the thickness of the polymer, its coverage on cobalt nanoparticles and the inorganic solid content of the ink. The resolution of the printed patterns and the print quality were evaluated by surface profiler, FESEM and optical microscopy. The relative permeability of the thick film patterns with good printability was measured with a shorted microstrip structure over the frequency range of 0.2 to 4 GHz and complex permeability values were calculated from measured scattering parameter data. The ink attained real part of complex permeability values of up to 5.13 at 200 MHz with 70 wt.% of magnetic filler. The developed ink can be utilized in various printed electronics applications such as antenna substrates and magnetic sensors.
INTRODUCTION
Materials with sufficient permeability and permittivity values have wide areas of application in any devices that are used for the manipulation of electromagnetic waves; for example resonators [1] , antennas [2] , filters [3] and phase shifters [4] . Currently, the electronics industry has a high interest in simple, material and energy saving manufacturing processes using printing methods with a low curing temperature. Although feasible nano silver inks are already on the market [5] , there is also a need for printable materials with a high permeability, especially for advanced high frequency applications.
Existing materials having high permeability and permittivity values are typically made with high temperature sintering methods or by sputtering [6, 7] .
Due to their high temperatures and low throughput these processes are not feasible for all printed electronics manufacturing, for example on organic substrates, and therefore materials with low curing temperatures and suitable electrical properties are needed. An appealing solution is to use ink with a high content of magnetic nanoparticles in order to obtain a material with reasonably high permeability and thus make an ink with good electrical characteristics and printability. This presents an interesting challenge for materials research on printable electronics.
The key issue in the formulation of nanoparticle inks is the stabilization of the particles in suspension. This can be done by adding different surfactants on the surface of the particles, thus making the surface non-polar and more compatible with the organic solvents used in inks. Typical surfactants include organic acids [8] and acid anhydrides, thiols, [9] organic phosphates [10] , and polymers with reactive polar functional groups [11, 12] . In order to achieve sufficient mechanical durability, both synthetic products and natural fatty acids are used as binders of the solid components in the printed patterns. In particular, natural fatty acids are an interesting option for binders due to their capability of forming highly cross-linked polymer structures on reaction with atmospheric oxygen. These reactions are catalyzed with transition metals, such as cobalt or zirconium, [13] thus giving an advantage in transition metal based nanoinks compared to synthetic polymers.
In this paper, formulation of screen-printable, low curing temperature ink using magnetic cobalt nanoparticles in dry powder form is investigated. Properties of the realized coating, inks and prints are presented and discussed. Furthermore, magnetic properties of the printed films were characterized with different amounts of solid content using the shorted microstrip transmission-line perturbation (SMTLP) method [14] [15] [16] [17] in the frequency range of 0.2 to 4 GHz.
EXPERIMENTAL DETAILS

Materials
Cobalt nanoparticles with an average particle size of 28 nm, (Nanostructured & Amorphous Materials Inc, Los Alamos, USA) and containing 99.8% of cobalt and which were partially passivated with 10% oxygen were used as dry powder in the formulation of the ink. The specific surface area of the powder was 40-60 m 2 /g (data supplied by manufacturer) and it was stored in a vacuum bag until 16 h before use. Malialim AAB-0851 surfactant (NOF Co, Tokyo, Japan) was used for the surface treatment of the powder. The polymer consisted of three functional parts (Figure 1 ) having two side chains where one consisted of polyethylene oxide and the other of polystyrene in order to improve the solubility of the material. The reactive part of the polymer is a carboxylic acid anhydride group forming a covalent bond to the surface of the metal particles. The weight of the repeating unit of the polymer was 968 g/mol and it was calculated from a saponification value given by manufacturer.
Johnson Matthey N 485 (Johnson Matthey Plc, London, UK) was used for adjustment of the rheological properties of the screen-printing ink. The binder and solvents used were Blown Menharden fish oil (Grade Z-3, Richard E. Mistler, Inc, Yardley, USA), xylene (98.5%, ACS reagent grade, Sigma-Aldrich, Germany) and ethanol (99.9%, Aagrade, Altia, Finland), respectively.
Ink Formulation
Development of the ink commenced with surface treatment of the Co nanoparticles by applying a solution of AAB-0851 and xylene. The solution was mixed in a ball mill using a nylon pot and agate milling balls. After 16 h of milling, the solution was placed in a furnace and the xylene was evaporated at 80 • C for 24 h. The resultant material was analyzed with a LEO 912 OMEGA analytical EFTEM (Carl Zeiss SMT AG, Germany) to characterize the layers of surfactant on top of the particles. Firstly, 0.2 grams of surface treated particles were washed twice with 10 ml of ethanol to remove the excess unreacted polymer material. The ethanol was vacuum filtered through a 0.2 µm PTFE filter and the particles were collected and dried at room temperature for 24 h before the analysis.
A screen printable base ink was then formed from the surface treated particles. 50 grams of particles, 56 grams of Johnson Matthey N485 solution and 55 grams of ethanol were milled in the ball mill for 24 h to make a smooth paste. Some solvent was then evaporated to increase the viscosity and consistency by using a heating plate and drill mixer. The solids and volatiles of the sample were measured with a Netzsch STA 409PC TGA-DSC-MS (NETZSCH-Geraetebau GmbH, Germany) analyser. Analysis was carried out in a nitrogen atmosphere with a heating rate of 10 • C/min. The viscosity of the ink was evaluated at room temperature with a cone and plate rotation rheometer (Bohlin CS, Bohlin rheologi AB, Lund, Sweden).
Printing Tests
Printings were done using two 10 × 10 inch screens with 325 and 230-mesh nylon screen with 16 µm and 30 µm emulsion thicknesses, respectively. The printer was a Speedline Technologies MPM Microflex screen printer (Speedline Technologies, Inc, USA). Prints with different solid content were made both on 50 µm polyethylene terephthalate foil and on 0.5 mm thick silicon wafers in order to prepare samples for further tests. All printed samples were heat-treated at 110 • C for 10 minutes in order to evaporate the volatiles. The printability of the ink was tested by screen printing test patterns. During the printing tests, the viscosity of the ink was increased by evaporating the excess solvent until the print quality of the ink was satisfactory. The best results were achieved when the ink contained 25 wt.% of volatiles and 60 wt.% of cobalt and 15 wt.% organic solids. The proportions of the volatiles and solids were determined by gravimetrical analysis from the printed test patterns.
After good printing characteristics of the ink had been achieved, Menharden oil was added in different proportions to increase the amount of binding material. Samples consisting of 50 to 70 wt.% of Co in the solids contents were fabricated. The heat-treated samples were analyzed with optical microscopy to observe the print-quality and the surface profiles of the printed patterns were evaluated with a Dektak 3st surface profiler (Veeco Instruments Inc, USA). Further analyses of the prints were done with a Zeiss ULTRA plus FESEM (Carl Zeiss SMT AG, Germany) in order to inspect the cross-section of the printed layers.
Microwave Characterisation
Shorted microstrip transmission-line perturbation was used to measure the complex permeability (µ r = µ r − jµ r ) of the cobalt magnetic thick films with various filler loading levels. The schematic layout of the measurement fixture is shown in Figure 2 . The microstrip, ground plane and shorted plane were made of copper. One end of the microstrip line was shorted to the ground and other end soldered to a SubMiniature version A (SMA) coaxial connector. In the design, the characteristic impedance of the microstripline was chosen to be 50 Ω to match the test port of the vector network analyzer. The width of the upper strip (w) was 5 mm, the distance between the upper and ground plane (h) was 1 mm and the length of microstrip line was 20 mm. The effective complex permeability (µ eff ) of the samples was obtained by measuring the reflection coefficients of the SMTLP.
The S-parameters, S empty 11
, S sub 11 and S f ilm 11
were measured by a vector network analyzer HP 8720 ES, when the measurement fixture was loaded with air, substrate and substrate with magnetic thick film, respectively. The relationship between the experimental S-parameter data and the propagation constants γ sub (substrate), γ f ilm (thin film deposited on the substrate) can be expressed as [17] :
(1) where is γ 0 the propagation constant of the air-filled microstrip transmission line and l is the length of the sample under test (the value of l equals 7 mm here). The change in the effective permittivity of the multilayered microstrip transmission line caused by the insertion of the thick film was assumed to be negligible [15, 17] . Hence, the effective complex permeability [17] can be obtained as:
To extract the complex permeability of the magnetic thick films, conformal mapping was applied to the multilayer microstrip structure [19] shown in Figure 2 . After loading the silicon substrate with its printed cobalt magnetic thick film into the fixture, both the effective permittivity and effective permeability of the micro strip transmission line will be changed. The effective permittivity of the multilayer micro strip, can be expressed as [19] :
where r1 , r2 and r3 are the relative permittivities of the thick film, substrate and air respectively: q 1 , q 2 and q 3 are the filling factors corresponding to the layers and can be calculated from the Equations (5) to (7) .
µ eff can be deduced from Equation (4) by using the duality principle [19] 
where µ r1 , µ r2 and µ r3 are the complex permeabilities of thick film, substrate and air respectively. Then solving the above equation, the complex permeability of the thick film can be obtained as:
RESULTS AND DISCUSSION
The particles were analyzed with an EFTEM to ensure the existence of the surfactant layer on the particles. In Figure 3 , a 5 nm thick semitransparent layer of organic material can be seen on the surface of the particles. The TG-DSC-MS analysis was carried out for the base ink sample before its concentration to printable viscosity. As shown in Figure 4(a) , the solvents were first evaporated from the sample after which, at 400 • C, the solid organic material decomposes as indicated by the rapid downward peak and decline of the sample weight and calorimetric measurement data. Additionally, Figure 4 (b) confirms that the weight loss is caused by decomposition of the organic solids.
The developed ink was analyzed with a cone and plate rotation rheometer, as well as the ink samples which contained Menharden oil to act as a binding material. The change of viscosity caused by the addition of binder material to the samples is shown in Figure 5 . Significant decrease in viscosity occurs between the 70 wt.% and 60 wt.% solids samples, which also affected the quality of the printed patterns. Furthermore, the test prints were made with 325 mesh screen to obtain a 10 µm thick dried print layer for magnetic measurements while 230 mesh screen was used for print quality measurements. Print quality tests were carried out by printing 1000, 750, 500 and 250 µm wide parallel lines. The surface profiler analyses of the printed films are presented in Figure 6 for the inks containing 70, 60 and 50 wt.% of cobalt. The results indicate that decreasing the metal content enabled smoother surfaces and better defined printed patterns. However, the amount of particle agglomerates increased when the metal content was reduced, due to the decrease in the viscosity. Figure 7 shows FESEM images from cross-sections of printed patterns on PET film. The large images are backscattering images taken with a magnification of 1000 x, revealing the location of Figure 7 . FESEM images of cross-sections of inks printed on PET. Lower magnification (1000 x) images are backscattering images, high magnification (100000 x) are secondary emission images. the nanoparticles in the printed pattern. These images show that no sedimentation of cobalt occurred during printing. However, agglomeration of the particles can be observed, especially for the sample containing 60 wt.% Co. Cracks in the 70 wt.% sample were caused by the casting process of the SEM samples. The secondary emission images with a magnification of 100000 x (Figure 8 , upper left corners) show the nanoparticles in the ink. It can be observed that in the samples containing 60 and 70 wt.% Co the nanoparticles are more visible and also self-arranging in lines, whereas in the 50 wt.% sample the particles are mostly submerged in binding material.
In Figure 8 , optical microscopy images of printed 250 µm lines are shown. The measured values for average line widths when printed through 250 µm patterns on the screen were 310 µm, 300 µm and 310 µm for 70 wt.% , 60 wt.% and 50 wt.% Co content, respectively, closely following the differences in viscosity ( Figure 6 ). Furthermore, the size of the agglomerates increased when the metal content was decreased, as shown in Figure 8 .
The fabricated shorted microstrip line fixture loaded with a magnetic thick film is shown in Figure 9 . Measured real and imaginary parts of the relative permeability of magnetic thick films (µ r1 and µ r1 ) with different amounts of filler in the frequency range 0.2 to 4 GHz are shown in Figure 10 and Figure 11 . The real part of the permeability (µ r1 ) in the frequency region increased with filler loading. The real part of the relative permeability was 5.13, 3.95 and 2.36 at 200 MHz for 70, 60 and 50 wt.% of filler loading, as is shown in Figure 10 .
The resonance behaviour observed in the real and imaginary parts of the relative permeability of magnetic thick films with different filler loading levels can be attributed to the inherent ferromagnetic resonance (FMR) of the magnetic film. The same phenomenon of FMR in the real and imaginary parts of the relative permeability of thin ferromagnetic films was reported by several authors [15] [16] [17] [18] . FMR frequencies of the magnetic thick films were shifted towards lower values with increases in the filler loading levels.
According to the Landau-Lifchitz-Gilbert theory, the ferromagnetic resonance of a magnetic film can be defined as [15] :
where H S is the saturation magnetic field, M A is the anisotropic constant, γ is the gyromagnetic ratio.
Further, from constituent relations,
Hence, from Equations (11) and (12) one can deduce that,
Thus, the ferromagnetic resonant frequency is inversely proportional to the square root of the magnetic permeability of the magnetic film. With the increase of cobalt filler loading levels in the printed film, the permeability of the film increases, thus the FMR of the film decreases. Ferromagnetic resonances of the fixture loaded with the sample were measured at 1.71 GHz, 1.86 GHz and 2 GHz for 70, 60 and 50 wt.% filler loading levels, respectively as shown in Figure 10 .
The imaginary part of the relative permeability (µ r1 ) ( Figure 11 ) gradually increased with frequency. The peak frequency of the imaginary part shifted towards lower values with increasing filler loading levels. The imaginary part of the permeability was 3.96, 2.10 and 1.64 for 70 wt.% , 60 wt.% and 50 wt.% of filler loading at 200 MHz.
CONCLUSION
In this work, magnetic thick films to be utilized in printed electronics were demonstrated to obtain a relatively high permeability. Inks based on powder-form nanoparticles were realized and cured at low temperatures and are thus feasible for use with various organic substrate materials. The most suitable cobalt content in the ink for screen printing was 70 wt.%, providing the best defined line width, best uniformity of the printed pattern and the most homogenous distribution of the particles in the printed patterns as well as the highest permeability. 
